Introduction
============

Bone tissue engineering aims at regeneration of bone tissue, which is lost due to fracture, tumor, congenital defects, injuries caused during sports, *etc* [@B1]*.* It is one of the highly researched domains of tissue engineering mainly due to a high occurrence rate of bone defects [@B1]-[@B3]. These defects can be treated either by replacement or regeneration based methods. Replacement methods include autografts (which acts as a gold standard), allografts, xenografts and prosthetics; whereas, regeneration based methods include tissue-engineered biomaterials, growth factors and cells [@B2]-[@B4]. Due to the complications associated with bone grafts and prosthetic materials, various ceramic and/or polymeric biomimetic materials based on tissue engineering strategies have evolved [@B5], [@B6].

According to one of the earliest definitions by Friedenstein, osteoinduction is "the induction of undifferentiated inducible osteoprogenitor cells that are not yet committed to the osteogenic lineage to form osteoprogenitor cells" [@B7]. Exhibiting this property is very beneficial for bone tissue engineered biomaterials [@B8]. Some of the other properties which are important for bone tissue engineered biomaterials are osteoconductivity- to allow ingrowth of the surrounding bone tissue, osseointegrativity- property of forming a physical bond with the surrounding bone tissue, bioactivity- ability to form a bioactive hydroxyapatite-like layer on coming in contact with body fluids and, bioresorbability- to resorb without formation of any toxic products in the body [@B9], [@B10]. We developed PTAC biocomposite cryogels keeping all these properties in mind and tested them at various levels to find out whether they exhibited these properties. We have previously studied the *in vitro* physical and biological properties of this cryogel along with studying its *in vivo* bone regeneration potential in a critical sized cranial bone defect model in rats [@B11], [@B12]. However, the osteoinductive properties of these cryogels have not been explored. Thus, due to the presence of significant amount of bioactive glass, which has previously been associated with osteoinductive properties, it is important to study these cryogels for exploring the possibility of exhibiting the property of \'osteoinductivity\' [@B13]-[@B15]. Bone formation in PTAC biocomposite cryogel through bone chamber model was studied to analyze the bone forming potential of PTAC biocomposite cryogels. On the other hand, we also studied the effect of electrical stimulation on the differentiation of mesenchymal stem cells (MSCs) on these cryogels since it has been reported to have a positive effect on osteogenesis [@B16]. The presence of a PTAC biocomposite cryogel along with electric stimulation may have a synergistic effect on osteogenic differentiation of MSCs. Therefore, in this paper, we present the results obtained during the *in vitro*and *in vivo* study of bone formation on PTAC biocomposite cryogels under the influence of intrinsic or extrinsic stimulatory factors.

Materials and Methods
=====================

Study design
------------

*In vitro* studies were performed in two ways: 1) study of osteoinduction of C2C12 myoblasts on PTAC biocomposite cryogel surface, and, 2) study of osteogenic differentiation of murine mesenchymal stem cells on PTAC biocomposite cryogel surface in presence/absence of electrical stimulation. *In vivo* studies were performed in a bone conduction chamber model in accordance with the guidelines provided by the Swedish national and regional animal ethics committees.

Materials
---------

Col I monoclonal antibody was procured from Assay biotechnology (CA, U.S.A). Mouse monoclonal antibody against OCN and rabbit monoclonal OPN antibody was obtained from Abcam (Cambridge, U.K). Rabbit BSP polyclonal antibody was a kind gift from Dr. Viveka Tillgren (BMC, Lund University). All antibodies were specific to react with rat target proteins. Anti rabbit horseradish peroxidase (HRP) conjugate secondary antibody and 3, 3\'-diaminobenzidine (DAB) was supplied by Vectorlabs (CA, U.S.A) while anti-mouse secondary antibody was obtained from KPL antibodies (Maryland, U.S.A). Pentobarbital sodium (Apotekets Productions and Laboratory, Sweden), stesolid (Actavis AB, Sweden) and streptocilin vet (Boehringer Ingelheim Vetmedica, Malmö, Sweden) were procured from the local pharmacy. Animals for experimental purposes were purchased from Taconic (Denmark). Dulbecco\'s Modified Eagle\'s Medium (DMEM), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), penicillin-streptomycin antibiotic, sigma fast pNPP tablets and trypsin-EDTA from Sigma Aldrich (MA, U.S.A). Sodium bicarbonate was obtained from Ranbaxy (Delhi, India); Fetal bovine serum and Gibco™ Antibiotic-Antimycotic (100X), liquid from Invitrogen (NY, U.S.A); cDNA synthesis kit from Fermentas (Vilnius, Lithuania); SYBR green from Takara Bio (Shiga, Japan); and primers for Col I, OPN and β-actin gene markers from Eurofins MWG operon, (Ebersberg, Germany). All the other materials used were of high purity grade.

Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDX)
---------------------------------------------------------------------------------

Three cryogel samples were processed for scanning electron microscopy at different time points using following steps: 1) cells were washed twice in phosphate buffered saline (PBS) for 5 minutes each; 2) cell fixation was performed in 2.5 % glutaraldehyde for 4 hours; and 3) Dehydration in graded alcohol series, i.e., 20%, 40%, 60%, 80% and 100% ethanol for 5 minutes at each step. Once dehydrated, these samples were sputter coated with gold in a sputter coater machine (Vacuum Tech). After gold coating, these samples were analysed in a scanning electron microscope (FEI Quanta 200 SEM microscope) working under high vacuum and high voltage (20kV) at a sample spot size of 3.5 μm. The spot size used for energy dispersive X-ray spectroscopy analysis was 3 μm.

Real-time PCR (q-PCR)
---------------------

The fold change in the mRNA expression of osteogenic markers, Col I and OPN was analyzed via q-PCR analysis. Three cryogel samples per time point were analyzsed for this study. The steps involved were as follows: 1) RNA isolation was performed through phenol-chloroform extraction method using TRIzol reagent. 2) RNA was quantified in ng/μl using picodrop instrument and the readings were ascertained to be pure via confirmation of 260/280 ratio. 3) The obtained RNA was converted to cDNA through the activity of reverse transcriptase enzyme along with other kit components of cDNA kit. 4) cDNA was further amplified using SYBR green chemistry to relatively quantify the mRNA levels of osteopontin and osteocalcin using specific primers. Here, beta-actin (β-actin) acted as a housekeeping gene as well as control gene for normalization of mRNA levels. The quantification of mRNA was performed using 2(-Δ ΔC(T)) method [@B17].

Cell culture
------------

The cryogel samples were sterilized in following steps prior to cell culture studies: a) Ultraviolet (U.V.) light incubation for 30 min; b) 70% ethanol treatment for 30 min; c) incubation in PBS supplemented with 5% antibiotic-antimycotic solution (100X) for 30 min; and d) media incubation for 1 hour. The C2C12 cell lines used for this study were cultured in DMEM media supplemented with 10 % fetal bovine serum (FBS) and 1 % penicillin-streptomycin (antibiotic) and seeded at a density of 1.5 x 10^5^ cells/ml. For the electrical stimulation studies, the mesenchymal stem cells were isolated from the tibia and femur bones of mice. Briefly, the tibia and femur were collected from the anaesthetized mice in PBS containing 2% antibiotic and muscles still attaching around the bones were carefully removed. These bones were now transferred to DMEM media containing 1% antibiotic. The extreme ends of the bones were cut in order to obtain a hollow tube containing bone marrow. These were transferred to a petriplate containing fresh DMEM high glucose media supplemented with fetal bovine serum (20%). Now, bone marrow tissue was flushed from the hollow cavities of the femur and tibia using 10 ml disposable syringe. All the bone marrow tissue collected in this way was transferred to a T-25 flask (Corning Inc.). These flasks were incubated for a week under constant monitoring for any contamination. At this point, most of the adherent mesenchymal stem cells have attached, thereafter, media was changed and cells were cultured to \~80% confluence before sub-culturing. The mesenchymal stem cells (as obtained) for electrical stimulation experiment were seeded at passage 3 and at a cell density of 1x10^4^ cells/ml. Media was switched to osteogenic media containing 100 nM dexamethasone, 10 mM β-glycerophosphate and 50 µg/ml 2-phosphate-ascorbic acid at day 2 of mesenchymal stem cell culture on PTAC biocomposite cryogels.

Electrical stimulation set-up
-----------------------------

For electrical stimulation studies, an electrical stimulation set-up was assembled in the sterile environment of a cell culture hood. The anode and cathode wires were connected to the power supply unit. These wires were connected at the other end to the copper electrodes. These electrodes were fixed at the ends of a sterile 6 well plate. Thereafter, electric current was passed through the cryogel samples in presence of PBS as the conducting medium. The stimulation regime consisted of an electrical field at field strength of 2/3 volts/cm, which is employed for 1 min each at a frequency of every alternate day. A sample size of 3 was used for each analysis related to electrical stimulation studies.

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT assay)
------------------------------------------------------------------------

MTT assay was performed in order to quantify the proliferation of cells cultured on the PTAC biocomposite cryogels. MTT solution was prepared by adding 5 mg/ml MTT reagent in serum-free DMEM high glucose media. The assay was performed briefly in following steps: 1) Three cryogel samples per time point were washed in PBS for 5 min; 2) to these samples, MTT solution was added and incubation was performed for 4 h in cell culture incubator; 3) MTT solution was aspirated out and dimethyl sulphoxide (DMSO) was added as a solvent for dissolving the formazan crystal produced by cellular activity; 4) incubation with DMSO was performed for 10 min in cell culture incubator, and, 5) the absorbance of the purple coloured end product as developed was read in a UV-Vis spectrophotometer machine at 570 nm wavelength.

Alkaline phosphatase assay
--------------------------

Sigma fast pNPP tablet set was used for this study. This tablet set contains the substrate for alkaline phosphatase enzyme*, i.e, para*-nitrophenylphosphate (pNPP) along with Tris buffer and magnesium chloride. Three cryogel samples per time point were washed twice in PBS for 5 min each before adding the substrate solution. After adding the substrate, the cryogel samples were incubated for 30 min. Thereafter, the absorbance was read in a spectrophotometer at 405 nm.

Bone chamber
------------

The bone chamber is made of titanium and consists of two hollow semi cylinders with a threaded conical base held together by a hexagonal screw cap ([Supplementary Fig. 1](#SM1){ref-type="supplementary-material"}). The inner diameter of the chamber is 2 mm and the height 7 mm [@B18], [@B19]. One of the half cylinders contains two holes for cellular infiltration. An osteoconductive material is placed inside the chamber and the chamber is screwed into the proximal tibia. The ingrowth openings will be situated at the level of the subcortical bone, leaving the interior of the chamber in contact with metaphyseal bone and bone marrow cells.

Scaffold preparation and surgical procedure
-------------------------------------------

PTAC cryogel scaffolds were prepared, [@B11] and, dried scaffolds were cut manually using a biopsy punch of 2 mm diameter. Each cylinder was cut to a height of 4 mm and processed for sterilization. Scaffolds were sterilized using an increasing ethanol gradient with overnight incubation in 70% EtOH and dehydration with absolute EtOH for 1 h. Thereafter, the scaffolds were washed with phosphate buffered saline (PBS) three times and incubated at 37 ºC overnight to ensure that they were dry before the surgery.

Six Sprague-Dawley rats of 6 weeks age were anesthetized using an intra peritoneal (I.P) injection of 15 mg/ml pentobarbital sodium and 2.5 mg/ml of diazepam. Prior to surgery, the animals intramuscularly received Streptocillin as antibiotic prophylaxis and the right hind legs were shaved and sterilized with iodine. An approximately 1.5 cm long parapatellar incision was made on the right leg and the proximal tibia was exposed. A 2.0 mm hole was manually drilled anterior to the medial collateral ligament, and the chamber containing the scaffolds was screwed onto the bone. The chamber was positioned subcutaneously throughout the experiment to minimize the risk of infection. The animals had free access to food and water. After 24 days, the animals were sacrificed by an intraperitoneal overdose of pentobarbital sodium. Chambers were harvested, opened and the scaffolds were immediately placed in 4% (w/v) formaldehyde for overnight fixation.

Histological analysis
---------------------

The fixed samples were demineralized in 10% (w/v) ethylenediaminetetraaceticacid (EDTA) for 12 h for paraffin sectioning. Samples were dehydrated in increasing EtOH gradient and xylene for 20 min each and placed in liquid paraffin at 60 ºC overnight followed by another paraffin change for 2 h. The samples were embedded in paraffin and sectioned to 5 μm thickness using a microtome. The sections were allowed to adhere to lysine coated slides for 24 h and stained using either hematoxylin and eosin (H&E) or a combination of hematoxylin, eosin, alcian blue, orange-G and phloxine-B.

### H & E Staining

Sections were de-paraffinized using xylene and rehydrated using decreasing EtOH gradient until 90% EtOH and washed for 5 min in running water. The hydrated sections were nuclear stained using hematoxylin for 5 min and then counterstained using eosin for 2 min. Thereafter, the sections were dehydrated in increasing EtOH gradient and finally cleared in xylene for 10 min. These sections were initially allowed to dry and finally they were mounted using xylene based mounting medium.

### Alcian blue, hematoxylin, orange-G, phloxine-B, eosin staining

De-paraffinized sections were placed in acid alcohol (70% EtOH and 38% HCl by volume) for 30 sec and placed in alcian blue, hematoxylin working solution consisting of 1% (w/v) of alcian blue in 100 ml of hematoxylin solution for 30 min. The slides were washed gently in distilled water and differentiated in acid alcohol for 5 sec followed by rinsing in distilled water with three changes. These slides were placed in 0.5% (w/v) of ammonium water for 15 sec and again rinsed in distilled water with two changes followed by EtOH (95%) treatment for 1 min. In the end, the slides were placed in eosin/ orange G/ phloxine B solution (1% phloxine B, 2% orange G) for 2 min. Eventually the slides were dehydrated with increasing EtOH gradient from 90 to 100% for 2 min each with 2 changes and cleared with xylene for 5 min before mounting. New bone is stained bright orange, while, cartilage matrix and cells are stained blue using this mixed stain.

Alizarin red staining for neo-tissue mineralization
---------------------------------------------------

The sections were de-paraffinized as mentioned earlier and allowed to rehydrate in distilled water for 5 min. Rehydrated tissue samples were then immersed for 4 min in alizarin red working solution consisting of 1% (w/v) alizarin red in distilled water. Excess stain was taken off by placing the slide in running water for 1 min followed by 20 dips in a mixture of acetone and xylene (1:1) and finally dipping in xylene for 5 min each with two changes. Dried slides were later mounted with xylene based mounting medium. The stain forms a complex with matrix calcium to produce orange to red shades.

Immunohistochemical analysis for osteogenic markers
---------------------------------------------------

Immunohistochemical analysis was performed by studying the expression of bone related markers like collagen type I (COL1), osteocalcin (OCN), osteopontin (OPN) and bonesialoprotein (BSP). Antigen retrieval buffer was prepared by mixing 0.05% (w/v) bovine trypsin and 0.01% (w/v) calcium chloride in deionized water at pH 7.6. The sections were first de-paraffinized and rehydrated followed by incubation in antigen retrieval buffer for 30 min at 37 ºC and rinsing in deionized water. Endogenous peroxidase activity was quenched using 3% (v/v) hydrogen peroxide and the sections were briefly rinsed in PBST. Tissue sections were incubated in 5% (v/v) goat serum for 1 h at room temperature to block non-specific antibody interaction. All antibodies were prepared at a dilution of 1:200 in phosphate buffered saline with 0.1% (v/v) tween-20 (PBST) and sections were incubated with respective primary antibodies for a period of 1 h at room temperature followed by washing in PBST five times for 5 min each. HRP conjugate secondary antibody solution was used as per supplier\'s guidelines and sections were incubated for 1 h at room temperature followed by PBST washes for 5 times at 5 min each. DAB reagent was prepared as per supplier\'s guidelines and sections were incubated for 5 min in the reagent until a prominent brown color was visible. Sections were counterstained with hematoxylin for 5 min and mounted as mentioned above. A negative antibody control was also used by following the same procedure except for the addition of primary antibody. In this method, cells and matrix containing target proteins produce a prominent brown color.

Animal ethics and statistical analysis
--------------------------------------

All animal experiments were carried out in accordance with the guidelines of the Swedish regulatory authority for animal experiments (Jordbruksverket, approval number M25-13). All experiments were carried out in triplicates (n=3), unless otherwise specified and all the statistical analyses were performed using two-tailed t-test assuming unequal variances.

Results
=======

The results are divided into three main sections, *i.e.*, 1) osteoinduction of C2C12 myoblasts cultured on PTAC biocomposite cryogels, 2) *in vivo* bone formation in a bone conduction chamber model, 3) osteogenic differentiation of murine mesenchymal stem cells on PTAC biocomposite cryogel surface in presence/absence of electrical stimulation.

Osteoinduction of C2C12 myoblasts on PTAC biocomposite cryogels
---------------------------------------------------------------

### Cell proliferation

Cell proliferation was determined by MTT assay as shown in Fig. [1](#F1){ref-type="fig"}(a). The absorbance values mimic a polynomial of 2^nd^ degree and 2^nd^ order showing a decreasing trend. Upon further analysis, it was observed that absorbance values for cell proliferation do not show any statistically significant change with respect to previous time point until day 11. While, as we go forward we observe statistically significant decrease between time points; from day 11 to day 15 (p=0.003) and from day 15 to day 20 (p=0.015) (Fig. [1](#F1){ref-type="fig"}(a)). In the two-dimensional (2D) control, i.e., C2C12 cell grown on tissue cultured polystyrene (TCPS), the cell proliferation initially increased till day 15 and started declining from day 15 to day 30.

### Alkaline phosphatase (ALP) assay

This assay uses direct correlation between amount of alkaline phosphatase (ALP) enzyme present and absorbance values obtained. It can be observed in Fig. [1](#F1){ref-type="fig"}(b) that the ALP readings were negligible in the case of two-dimensional (2D) control. Whereas, in the case of C2C12 seeded PTAC biocomposite cryogels, the cells show a significant increase in growth as indicated by the increase in absorbance, as we move from day 3 to day 7 (p=0.0008) and then from day 7 to day 15 (p=0.0006) and finally it reduces significantly as we move from day 15 to day 30 (p=0.0002).

### Scanning electron microscopic (SEM) analysis

As observed in the case of Fig. [2](#F2){ref-type="fig"}(a), the cells attained a flattened morphology along with a lot of extracellular matrix (ECM) production but no signs of mineral crystal formation at day 3 while calcium-phosphate like crystals started forming at day 7 as seen in Fig. [2](#F2){ref-type="fig"}(b) but their number was very few at this timepoint. In Fig. [2](#F2){ref-type="fig"}(c), *i.e*., at highest time point of day 30, the number of these crystals was high, also, these accumulations of crystals were covered with a thick layer of extracellular matrix representing the mineralization phase during osteoblast maturation.

### Electron dispersive X-ray spectroscopic (EDX) characterization

The phenomena occurring on the biocomposite cryogel surface were further confirmed by EDX analysis as can be observed in table [1](#T1){ref-type="table"}. The surface adjacent to cell group contained mainly the characteristic peaks corresponding to the elements of the native material, i.e., carbon, oxygen, calcium and silicon. The areas where cells were attached, i.e., cell surface, at the initial timepoints of day 3, mainly contained strong peaks of carbon and oxygen representing high amount of organic matter corresponding to the cells along with some background interference of the elements of the biocomposite cryogels. This is mainly because the cell layer was still not covered with thick extracellular matrix but at later timepoints as the cells start proliferating and produce a lot of extracellular matrix, only strong carbon and oxygen peaks were observed corresponding to high amount of organic matter present at that area. At day 30, the EDX analysis of extracellular matrix covered calcium-phosphate like crystals represented corresponding peaks including carbon and oxygen correlating with the extracellular matrix, while, calcium and phosphorus act as the characteristic peaks for calcium-phosphate like crystals.

*In vivo* bone formation in a bone conduction chamber model
-----------------------------------------------------------

### Histological analysis

Fig. [3](#F3){ref-type="fig"}(a) and (b) represents the H&E stained neo-tissue constructs harvested after 24 days at increasing magnifications. New bone formation on the cryogels scaffolds can be observed as early as 24 days of sub-cortical implantation. Fig. [3](#F3){ref-type="fig"}(a) provides an overview of bone formation with new bone marked as B. Image 3(b) provides a further insight into the anatomy of cells present in the newly formed bone matrix. The more bone specific staining using a combination of alcian blue, hematoxylin, orange g, phloxine b, eosin is indicated in Fig. [3](#F3){ref-type="fig"}(c) and (d). The orange stain observed in image (c) and (d) confirms the presence of a mature bone matrix indicated by B. We have not observed the presence of any osteoclasts in the new-formed bone matrix. Moreover, the presence of cells associated with allergy or immunogenicity of foreign materials has not been seen.

### Alizarin red staining for neo tissue mineralization

As seen in Fig. [4](#F4){ref-type="fig"}, the mineralized regions produced more intense shades of orange providing an indirect clue towards osteogenic cell presence. We have observed calcium in the newly synthesized bone matrix as indicated by Fig. [4](#F4){ref-type="fig"}(a), and (b). Fig. [4](#F4){ref-type="fig"}(a) provides an overview of calcium distribution across the scaffold with varying intensity. While mature regions stained positive (Fig. [4](#F4){ref-type="fig"}(b)) (black arrow), immature regions (white arrow) have higher staining intensity due to higher mineralization activity as seen from Fig. [4](#F4){ref-type="fig"}(b). Fig. [4](#F4){ref-type="fig"}(c) indicates mineralization in the implanted scaffold with very less bone formation. Fig. [4](#F4){ref-type="fig"}(d) shows unimplanted control.

### Immunohistochemical analysis for osteogenic markers

Fig. [5](#F5){ref-type="fig"} represents immunostaining of the neo tissue harvested after 24 days of culture. Bone cells in the new bone matrix stained positive (dark brown color) for most abundant bone matrix proteins Col I, OCN, OPN and BSP, as indicated in Fig. [5](#F5){ref-type="fig"} (a), (b), (c), and (d), respectively. The expression of bone markers has been observed in some of the cells of the neo bone (indicated by white arrows), the bone matrix and also a prominent dark brown color towards the interface region (red arrows) confirming the presence of neo bone. Panels in the inset represent cells at higher magnification (400X) with strong pericellular staining of bone markers.

Osteogenic differentiation of murine mesenchymal stem cells on PTAC biocomposite cryogel surface in presence/absence of electrical stimulation
----------------------------------------------------------------------------------------------------------------------------------------------

### MTT assay

As observed in Fig. [6](#F6){ref-type="fig"}(a), the MTT assay showed a similar trend of mesenchymal stem cells (MSCs) proliferation for both electrically stimulated and unstimulated cryogels without any statistically significant difference between the two groups at all time points. Initially the cell proliferation increased until the time point of day 7 and decreased thereafter until day 30. Therefore, cell proliferation was not affected by electrical stimulation of the murine mesenchymal stem cells cultured on these cryogels.

### Alkaline phosphatase (ALP) assay

The ALP enzyme was present in highest amount at the first time point, *i.e.*, day 3 and thereafter it followed a serially decreasing trend until day 30 time point in both the electrically stimulated and unstimulated cryogels, as shown in Fig. [6](#F6){ref-type="fig"}(b). We observed a statistically significant difference for the unstimulated cryogel, and non-significant statistical difference for electrically simulated cryogels, between two consecutive time points. Similarly, when we tried to compare the absorbance values for two methods at different time points, we don\'t see any statistically significant difference in values except at timepoint day 30 (p=0.003) (two way ANOVA). Thus, ALP enzyme was produced by osteogenic differentiation of murine mesenchymal stem cells in the both unstimulated and stimulated cryogels and this ALP production does not differ much between two methods in intial stages until day 30 time point was reached.

### Real time PCR (q-PCR) analysis

As seen in Fig. [6](#F6){ref-type="fig"}(c), the electrically stimulated MSCs on the PTAC biocomposite cryogel surface showed \~ 6 fold higher collagen I and \~ 10 fold higher osteopontin production as compared to the unstimulated cells at day 30. Here, collagen type I acts as a representative of an early osteogenic marker, whereas, osteopontin acts as a late osteogenic marker.

### Cell adhesion via scanning electron microscopy analysis

Cell adhesion on the PTAC cryogel surface with and without electrical stimulation was analysed via scanning electron microscopy. As observed in Fig. [7](#F7){ref-type="fig"}, the murine mesencymal stem cells depicted a difference in cell adhesion behaviour on the stimulated and unstimulated cryogel surfaces. At the time point of day 3 and day 7, the cells on the electrically stimulated cryogels showed highly flattened morphology, whereas, the unstimulated cryogels showed cells present as rounded/nodular structures.

Discussion
==========

C2C12 myoblast cells have previously been used as precursor cells to study osteogenic differentiation and are a good model for the study of bone differentiation [@B20]. The MTT assay results (Fig. [1](#F1){ref-type="fig"}(a)) indicate suppressed proliferation, which can be due to the onset of differentiation. Previous studies have shown that when the cells undergo differentiation their proliferation gets suppressed and they maintain a steady growth. Therefore, the suppression in proliferation of the cells observed in the current results seems to be consistent with the previous studies and suggests that cells may be undergoing differentiation [@B21]-[@B23]. Alkaline phosphatase is an enzyme associated with the osteoblastic activity [@B24]. Osteoblasts produce this enzyme along with collagen type I during early osteogenic phase. As the osteoblasts proceed towards mineralization, the level of alkaline phosphatase may start declining and osteoblasts start maturing as osteocytes. C2C12 myoblasts do not produce any alkaline phosphatase enzyme on their own, therefore, presence of high ALP assay value confirms the presence of alkaline phosphatase due to osteoblastic activity of osteoblasts formed by the osteogenic differentiation of C2C12 after being seeded on PTAC cryogels (Fig. [1](#F1){ref-type="fig"}(b)) [@B25], [@B26]. The SEM analysis was performed to determine the behaviour of C2C12 cells on the surface of PTAC biocomposite cryogels and whether calcium-phosphate like crystals (indicating mineralization) could be observed on the surface of these cryogels over the time (Fig. [2](#F2){ref-type="fig"}). EDX analysis (table [1](#T1){ref-type="table"}) further helped in characterization of the composition of inorganic crystals typically corresponding to apatite formation and organic matter in close proximity to the cells. The production of alkaline phosphatase and formation of extracellular matrix covered with calcium phosphate-like crystals are important indicators of the differentiation of the C2C12 myoblasts. Therefore, osteoinduction of C2C12 myoblasts indicates the capability of these cryogels to act as an osteoinductive biomaterial.

The *in vivo* bone formation on PTAC biocomposite cryogels was performed in a bone conduction chamber model, a widely published model for studying bone remodeling. In most studies, cells of mesenchymal origin from bone marrow infiltrate into the chamber materials. An osteoinductive niche provided by bone grafts leads to maturation of mesenchymal cells into osteogenic cells [@B19], [@B27]. In a novel experiment, we used the above-mentioned hypothesis to assess the bone forming properties of synthesized PTAC cryogel scaffolds in an unloaded bone chamber model. We speculate that mesenchymal cells upon interacting with PTAC cryogels tend to differentiate towards osteogenic lineages due to bone forming properties of bioactive glass, a phenomenon suggested by other scientific groups [@B11], [@B28]. Moreover due to the surface topology and controlled pore size, there is an efficient exchange of oxygen and other nutrients and growth factors into the matrix, which is an important parameter for osteogenic differentiation [@B29]-[@B31]. Alician blue, hematoxylin, orange g, phloxine-b and eosin stain is more specific for bone and cartilage tissue, wherein, bone produces a bright orange to red color [@B32]. Osteocytes with typically characterized visible lacunae were also observed (Fig.[3](#F3){ref-type="fig"} (b) and (d)). The structure of cells organized in the neo tissue resembles that of a mineralized tissue with bone formation [@B33]. We have not observed the presence of GAG moieties in the new bone matrix or the cryogel scaffold, which suggests that the bone formation in the chamber model with cryogel based matrix undergoes intramembranous ossification. Osteoinductivity of materials is often characterized via mineral deposition [@B34]. We have observed mineralization in the implanted cryogel matrix and neo tissue constructs after 24 days of *in vivo* implantation also fitting well with *in vitro* experiments (Fig. [4](#F4){ref-type="fig"}). The bioactivity of the scaffold leads to deposition of apatite on the scaffold and thus strong alizarin staining is seen in different parts of the scaffold (Fig. [4](#F4){ref-type="fig"}(a)-(c)). The mesenchymal cells infiltrating from the underlying bone interact with the precipitated apatite and thus form neo bone tissue within the biocomposite cryogel (Fig [4](#F4){ref-type="fig"}(b)) placed in the bone chamber. Areas of the scaffold farther from the chamber holes (areas with low or no bone formation) also stain positive due to the phenomenon of apatite deposition (Fig. [4](#F4){ref-type="fig"}(c)). Unimplanted cryogel scaffold (control) showed slight background staining due to the presence of calcium in the scaffold (Fig. [4](#F4){ref-type="fig"}(d)). Immunohistochemical analysis revealed the presence of prominent bone markers (Fig. [5](#F5){ref-type="fig"}). Col I is one of the major components of organic bone matrix while OCN, OPN and BSP are very important markers of bone tissue as they control the anchoring of calcium and phosphate ions thereby controlling the mineral deposition. In the present work, we have found all four mentioned markers in what we have designated as mature bone matrix and also around the neighboring interface lined by osteoblasts. The expression of important bone specific markers at a short interval of time also indicates bone-forming properties of PTAC cryogel scaffolds.

Electrical stimulation has been previously shown to support osteogenesis [@B35]. Therefore, we also studied the synergistic effects of PTAC biocomposite cryogel and electrical stimulation during osteogenic differentiation of murine mesenchymal stem cells. Cells generally showed similar trends of cell proliferation along with alkaline phosphatase production in the case of both electrically stimulated and unstimulated cryogels indicating towards bone differentiation (Fig. [6](#F6){ref-type="fig"}(a) and (b)). Although, the mRNA expression of osteogenic markers such as Collagen type I and osteopontin was higher in the electrically stimulated cryogels depicting the synergistic/positive effect of electrical stimulation on bone differentiation of murine mesenchymal stem cells on PTAC biocomposite cryogels.

Conclusion
==========

Therefore, in this study we found that PTAC cryogels show osteoinductive and osteoconductive properties both during *in vitro*studies on C2C12 myoblast\'s osteogenic differentiation and *in vivo*analysis of bone formation in a bone conduction chamber model. Another independent study on the effect of electrical stimulation on the osteogenic differentiation of murine mesenchymal stem cells cultured on PTAC biocomposite cryogels suggests synergistic effect of electrical stimulation and cryogels to promote osteogenic differentiation. Hence, the results from the *in vitro*and *in vivo* studies clearly indicate the osteogenic potential of PTAC biocomposite cryogels.
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![Cell proliferation and alkaline phosphatase activity of C2C12 cells sedded on PTAC biocomposite cryogels. (a) Proliferation of C2C12 cells on the PTAC biocomposite cryogels with respect to two-dimensional (2D) positive control via MTT assay. (b) ALP assay comparing the level of ALP in (2D) tissue cultured polystyrene (TCPS) control with respect to PTAC biocomposite cryogels.](ijbsv11p1325g001){#F1}

![C2C12 cell adhesion studies on PTAC biocomposite cryogels. (a) shows cell attachment and (b, c) depict mineralization of C2C12 cells seeded on PTAC biocomposite cryogels after 3, 7 and 30 days of cell seeding, respectively.](ijbsv11p1325g002){#F2}

![Histological analysis of neo-tissue construct after 24 days of implantation using H&E and a bone specific H&E, alcian blue, orange g and phloxine b mixture. Images (a, b) show H& E staining while images (c, d) show staining of the neo-tissue using H& E mixture. Arrows indicate lining osteoblasts, B indicates neo-bone, F shows fibrous tissue, \* represents mature osteocytes while, \# indicates immature osteocytes and C shows PTAC biocomposite cryogel scaffold. Images (a, c) have been taken at 100X and images (b, d) have been taken at 400X.](ijbsv11p1325g003){#F3}

![Alizarin red staining for matrix calcium deposition. Images (a-c) represent calcium deposition in the neo-tissue after 24 days of implantation using the bone conduction chamber. Image (d) indicates alizarin staining in the cryogel scaffold that was not implanted and acts as a background control. Image (a) is taken at 12.5X while images (b-d) have been captured at 100X.](ijbsv11p1325g004){#F4}

![Immunohistochemical analysis of newly formed bone matrix on PTAC biocomposite cryogel. Images (a-d) indicate cells (white arrows) and matrix staining positive (brown color) for important osteogenic markers like COL I, OCN, OPN and BSP, respectively. Images in inset provide a high magnification insight into the extracellular expression of respective proteins. Images (e) and (f) represent the negative antibody controls of anti-mouse and anti-rabbit secondary antibodies, respectively without the addition of a primary antibody. Red arrow shows expression of osteogenic proteins in the interface region. All sections were counterstained with eosin before imaging. All images have been captured at 200X while images in inset are captured at 400X.](ijbsv11p1325g005){#F5}

![Effect of electrical stimulation on osteogenic differentiation of mesenchymal stem cells. (a) and (b) show cell proliferation and alkaline phosphatase activity of mesenchymal stem cells seeded on electrically stimulated and unstimulated PTAC biocomposite cyogels. (c) shows the quantitative real-time PCR (q-PCR) analysis of the fold change increase in mRNA expression of the osteogenic markers, i.e., collagen type I (Col I) and osteopontin (OPN) at day 30 on electrically stimulated cryogels.](ijbsv11p1325g006){#F6}

![Murine mesenchymal stem cell adhesion on electrically stimulated and unstimulated PTAC biocomposite cryogels determined via scanning electron microscopy. (a-c) shows the cells seeded on electrically stimulated cryogels at day 3 (a) and day 7 (b, c). (d-f) shows the attachment of cells on unstimulated cryogels at day 3 (d) and day 7 (e, f).](ijbsv11p1325g007){#F7}

###### 

Electron dispersive X-ray spectroscopic analysis of different areas on the C2C12 seeded PTAC biocomposite cryogel surface.

  ----------------------------------------------------------------------------------------------------------
  Area of EDX\                             Carbon\      Oxygen\      Phosphorous\   Calcium\    Silicon\
  analysis                                 (Wt. %)      (Wt. %)      (Wt. %)        (Wt. %)     (Wt. %)
  ---------------------------------------- ------------ ------------ -------------- ----------- ------------
  Surface adjacent to cell group           4.82±0.10    11.56±0.75   \-             4.68±0.67   25.61±0.76

  Cell surface                             41.42±1.32   20.74±1.45   \-             2.25±0.20   6.21±0.41

  Cell surface+ Thick ECM                  47.25±1.64   34.91±1.63   \-             \-          \-

  ECM covered Ca-phosphate like crystals   24.32±0.90   30.61±1.47   7.20±0.44      9.79±0.48   \-
  ----------------------------------------------------------------------------------------------------------

All values are represented as mean±SD (n=3 samples/group).
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